We report on time-resolved imaging of material response to localized laser energy deposition in the bulk of optical materials. The key processes include shockwave formation, crack propagation, formation of residual stress fields, and transient absorption.
Introduction
Recent studies demonstrated that laser-induced breakdown in the bulk of transparent dielectric materials is associated with the generation of localized temperatures in the 1-100 eV range and initial pressures up to 10-1000 GPa [1, 2] . The material response to these extreme localized conditions is largely independent of the laser parameters and is manifested as a sequence of transient material modifications leading to the formation of a void. However, the exact mechanisms and the timeline of events remain largely unknown. Moreover, the physical regime associated with laser-induced modification of materials and sampled by laser damage in dielectrics, is intermediate between that of cold materials and that of high energy density matter encountered in nuclear physics and astrophysics. Both the cold and high energy density physics of material are well studied and modeling tools exist that have been validated by experiments. However, experimental results that provide an insight into this intermediate range are required to enhance our fundamental understanding and help develop reliable theoretical models. Dynamical studies of laser-matter interactions using time-resolved imaging are particularly suited for investigation of complex transient phenomena such as laser-induced shockwave propagation from ablation in a cavity [3] and nanosecond time-scale morphological changes during single laser damage events in transparent solids [4] .
Here we report on dynamic imaging of material response to localized energy deposition by a ns scale laser pulse in optical materials. Specifically, we demonstrate the capabilities of our time resolved microscopy system for the case of intrinsic bulk damage in fused silica. The spatial and temporal resolution of the system are optimized to match the dynamic material changes during a damage event throughout the entire timeline, including shock/pressure wave formation and propagation, transient absorption, crack propagation and formation of residual stress fields.
Experiment and results
We have developed a microscopy system capable of providing time resolved images using a pump-and-probe configuration. Specifically, we use two separate, Q-switched Nd:YAG lasers which are synchronized by external triggering to achieve time delays up to hundreds of microseconds or even milliseconds. The pump laser operates at 355 nm with 3 ns pulse duration (FWHM) and the probe laser operating at 532 nm with either ~4.5 ns or ~180 ps pulse duration. The choice of probe pulse duration depends on the time resolution needed to adequately resolve the dynamic properties of the material modifications observed at various time delays along the damage timeline, as discussed below. The imaging system has been designed to perform polarization sensitive/dual probe shadowgraphic microscopy and has been described in detail elsewhere [5] . The schematic layout is shown in Fig. 1(a) . Typical images of the same bulk damage site in the final state, using the parallel and the perpendicular polarization probe components, are also shown in Figs. 1(b) and 1(c) , respectively.
Preliminary time-resolved images obtained using the 4.5 ns probe pulse within the first ~25-30 ns after the pump pulse have indicated that the main features observed during a bulk damage event are shock fronts, initiation and propagation of cracks, and have characteristic speeds in the 2.5-6 m/ns range [5] . In contrast, transient and final images obtained at delay times from ~50 ns up to about 500 s reveal that the main morphological features of a bulk damage site have reached their final size but the contrast is higher in the transient image, indicative of a longlived, transient absorption associated with material modification. These preliminary studies have indicated that the 4.5 ns temporal width of the probe pulse was a limiting factor in the spatial resolution of the early dynamic image features (12-30 m) up to ~ 30 ns delays. By using a probe laser with shorter pulse duration of ~180 ps, we were able to match the spatial resolution of the dynamic events to that of the static image (about 1-2 m). Figure 2 shows examples of optimized transient images with sub-ns temporal resolution (and one micron spatial resolution) for various pump-and-probe time delays from 0.5 ns up to 500 s. Both parallel and perpendicular polarization image components obtained at early delay times illustrate the localized energy deposition region and shockwave/pressure wave propagation. For the case of time delays longer than 55 ns, the ratio images (transient/final) better highlight the presence of transient absorption at cracks and core regions (absorption regions appear as bright features). We will discuss the various experimental configurations used to capture the material response during the entire timeline of bulk damage in fused silica. In particular, we will focus on the dynamic properties of the modified material at early time delays. In addition, we will compare the time evolution of the transient absorption by the cracks and the core region to the transient absorption profiles previously measured in bulk fused silica using a pump-and-probe damage testing configuration [6] .
